Surface optical probes have been developed as a very sensitive tool in means of monitoring, and thereby controlling the growth of semiconductor films . [1] [2] [3] [4] [5] [6] In particular, spectroscopic ellipsometry has proven its ability to measure sub-nm thicknesses of roughness or overlayers on surfaces. 2, 3 In case of cubic semiconductors their fourfold bulk symmetry permits the use of reflectance anisotropy spectroscopy measurements in which only the surface contributes to the measurement, 5 but such measurements are not applicable to the threefold-symmetric (0001) surface of GaN. Using SE one is not limited to any special bulk or surface symmetry for optical characterisation. In particular it is of interest to probe the surface structure and chemistry during GaN growth by metal-organic vapor phase epitaxy (MOVPE) 6 since the associated high pressures preclude in-situ observation by electron diffraction techniques.
In this work we use spectroscopic ellipsometry to probe the GaN(0001) surface during growth both by MOVPE and by plasma-assisted molecular beam epitaxy (PAMBE). For the latter case much is already known concerning surface structures during growth, with the results varying as the surface stoichiometry varies from Ga-rich to N-rich. 7, 8 Under Garich conditions it has been established that slightly more than 2 ML (ML = monolayer = 1.14 × 10 15 atoms/cm 2 ) of Ga resides on the surface during growth, in a metallic fluidlike state. 7 This Ga bilayer has been shown to have a dramatic influence on the kinetics of the growing surface. 8 It is therefore of considerable interest to determine whether such a bilayer is also present during GaN growth by MOVPE. In PAMBE ellipsometry reveals clear differences between growth under Ga-rich and N-rich conditions, which are attributed to the presence of the Ga-bilayer on the surface. Results for MOVPE surfaces obtained during growth are found to be practically the same as those obtained from NH 3 stabilized surfaces, both of which are very similar to the N-rich PAMBE results. We thus will show that, under normal MOVPE growth conditions, the GaN surface is not terminated by a Ga-bilayer.
The MOVPE growth was performed in a standard horizontal rf heated reactor. At first a GaN nucleation layer was deposited at 550
• C on the (0001) sapphire substrate. Afterwards the GaN layer of about 1.5 µm thickness was grown at an epitaxy temperature of 1040 • C with trimethylgallium (TMGa) and ammonia precursors at a V/III ratio of 2,000. 9 The GaN MOVPE on sapphire corresponds to a growth in the (0001) direction with Ga terminated basal plans (Ga-face). 10 On the base of such a surface we perform Ga-switching experiments at 900
• C under nitrogen carrier gas. We choose 900
• C to achieve similar energetic positions of the band critical points in the GaN dielectric function for easy comparison to the PAMBE results. Also surface deterioration due to hydrogen etching (from the dissociated ammonia) occurs more slowly than at real growth temperature of 1040 • C while the general behavior of the surface to precursor switching is proven to be nearly the same.
GaN PAMBE films were deposited on MOVPE grown GaN substrates as described previously and thus their polarity was also Ga-face. The reactive nitrogen was supplied by an rf cracker cell using a flow of approx. 5 sccm/min molecular nitrogen. The pressure was kept in the range of 8 × 10 An as measured spectrum of ε 2 , is shown in Fig. 3(a) for PAMBE growth at approx.
850
• C sample temperature. Here the Ga-rich and N-rich results refer to growth with the Ga effusion cell at 950
• C or 910
• C, respectively. From the LEED results discussed above we know that the former surface is terminated with a Ga bilayer, and the latter consists of some type of N-related reconstruction. Below the band gap energy (about 3 eV at 900
• C) the spectra displays Fabry-Perot resonances within the GaN film. Above that energy, the magnitude of ε 2 is seen to be much larger for the Ga-rich growth compared to the Nrich growth. We attribute this difference purely to the difference in their surface properties (since the changes occur within one second upon varying the growth parameters, as shown in Fig. 1 ). Using ellipsometric simulations we find that the observed differences in ε 2 and ε 1 above the bandgap can be explained through a thin metallic overlayer with a Drude like behavior of free carriers. 13 A layer thickness of about 0.4 nm which appears close to the predicted Ga bilayer thickness of 0.48 nm 8 accounts for the observed changes in ε .
Further on, the calculated electron density (N e /(m ef f /m e )) of 1.2 × 10 22 cm −1 corresponds well to the bulk electron density of metals like Ga. By assuming such a metallic layer, significant differences remain only below the fundamental bandgap of GaN. We believe that the influence of the Ga-bilayer on the ε spectrum may also include effects of a surface electric field due to a band bending in the upper monolayers or additional interface electronic states. In any case, the high sensitivity of ellipsometry to GaN surface conditions found in for ε 2 in Fig.3(b) are nearly identical, indicating that during MOVPE growth the GaN surface is not terminated by a Ga bilayer. Rather, the surface is presumably terminated by a structure involving N and Ga, and possibly H. This conclusion is supported by noting the magnitude of ε 2 for the MOVPE results of Fig. 3(b) are quite close to that of the N rich PAMBE results of Fig. 3(a) . Consistent with our interpretation that both surfaces compose of some sort of structure which does not include a metallic Ga-bilayer. Beyond this conclusion, we cannot deduce more about the detailed structure of the NH 3 stabilized surface from our results. Prior grazing incidence X-ray diffraction measurements (GIXS)
• surface structure during MOVPE growth, 14 and recent theoretical work provides insight into possible surface structures, 15 but to proof the existence of these structures additional experimental work is needed. This can be done by examining ellipsometric transients during MOVPE growth and / or growth interruptions, respectively.
Thereby gallium rich as well as gallium poor surfaces should be obtained.
As noted above, turning off the TMGa source in order to produce an NH 3 terminated surface produces very little change in the ellipsometric signal compared to that obtained during regular MOVPE growth conditions. However, starting from an NH 3 terminated surface and then attempting to produce a Ga terminated surface by shutting off the NH 3 supply and turning on the TMGa supply produces rather complicated results, as shown in Fig. 4 . The value of ε 2 increases rapidly when the TMGa is turned on, reproducibly displaying a small knee in the first second after the turn-on and then continuing to rapidly increase for another 1-2 seconds. The signal then reaches a maximum and begins to decrease exponentially. In the example shown in Fig. 4 the TMGa supply is then turned off and the NH 3 supply is turned on after 5 s. Finally the ε 2 signal approaches a level nearly equal to that at the start of the sequence. If, alternatively, the TMGa supply had been left on the ε 2 signal seems to approach a constant value of about 3.6 followed by the formation of Ga droplets. The final difference between the ε 2 signal during TMGa supply and that of the NH 3 terminated surface is very close to the difference observed in the PAMBE. But this leads to a non reversible roughening of the surface after switching on again ammonia for stabilization. This is in accordance to the previous finding that smooth surfaces can be grown only under N-rich conditions. We tentatively interpret these results as follows: the initial increase in ε 2 up to the above-mentioned knee is likely due to the formation of a Ga rich surface. This is proven by an estimation of the TMGa supply which is in the range of 5 × 10 15 Ga-atoms/s for the used 2µmol min −1 . Additional Ga then appears to be deposited on the surface, either in the form of droplets or layers, giving rise to the further increase of ε 2 . However, the complex devolution could be ascribed to the presence of hydrogen and the formation of hydrogen induced reconstructions. 15 This is also supported by the fact, that the described behavior occurs more distinct but on a larger time scale by using hydrogen as carrier gas. In contrast hydrogen can be neglected in the PAMBE due to the sputter effect of the nitrogen plasma.
Finally, in Fig. 3(c) we show spectral results obtained during the MOVPE growth interrupts. The NH 3 -stabilized surface results are very similar to those for the surface during growth, as noted above. The Ga-pulse results were obtained by measuring the value of ε 2 observed during transient measurements of the type shown in Fig. 4 , and then constructing a spectrum from those values, obtained at certain points after the TMGa flux is turned on.
We choose spectra taken at the small knee position as shown in the transient measurements after ≈1 s and after ≈8 s where the TMGa supply is switched off (encircled positions in Fig. 4) . The results of ε 2 are shown by the Ga-pulse spectra in Fig. 3(c) . The values of ε 2 found there are somewhat greater and larger than those for the Ga-rich spectrum of Fig. 3 (a), presumably arising from the different surface structures and morphology as discussed above. Finally, the assumed spectra of the stable Ga terminated surface in the MOVPE should be found somewhere in between and the position could be close to that spectra found in the MBE prepared Ga terminated surface.
In summary, we have used spectroscopic ellipsometry to probe the (0001) surface of GaN during growth by MOVPE and PAMBE. Large differences in ε 2 are found between Garich and N-rich PAMBE results and are attributed to the presence of the surface Ga-bilayer in the former case and its absence in the latter case. Results of surfaces during MOVPE growth or with NH 3 -stabilisation only are very similar to the N-rich PAMBE spectrum, indicating that the MOVPE surface is not terminated by a Ga bilayer under normal growth conditions. Gallium layers can however be deposited on the MOVPE surface by exposure to TMGa in the absence of NH 3 , although these layers display a rather complex behavior involving adsorption, roughening and reformation at the growth temperature. * Electronic address: chrcobet@physik.tu-berlin.de 1 K. Vedam, Thin Solid Films 313-314, 1 (1998). during variations in MOVPE growth parameter at 900 • C and using N 2 carrier gas. Starting with a surface stabilized under NH 3 with no TMGa flux, the NH 3 supply is first turned off and 5 s later the TMGa flux is turned on. A rapid increase in ε 2 results, displaying a small knee near a value of 3.3 (triangle), increasing to about 4.6, and then exponentially decaying. The TMGa supply was shut off after a duration of ≈8 s (square), and the NH 3 was turned on again 5 s later. The ε 2 then returns to nearly its original value.
